Abstract: Hierarchical pin-point data from 5316 plots from 73 Danish coastal dune sites were analysed in order to describe the species diversity in dune plant communities on a regional scale. Due to the mosaic spatial pattern of the dune communities, it was decided to describe the spatial structure of each plant species in each community using a vegetation type conditioned approach, where the hierarchical pin-point data were fitted to a zero-inflated generalised binomial distribution. Furthermore, summary statistics of the Lorenz curve of the regional estimates of species abundance are suggested in order to describe inequality of species abundance and to test for a possible log-normal species abundance distribution. The mean plant cover and the degree of spatial aggregation were estimated for all species found in six dune communities. Most plant species had a significant aggregated spatial distribution, and there was a significant positive correlation between the mean plant cover and the degree of aggregation. Species abundance did not depart from a lognormal species abundance distribution in any of the investigated dune community types. A vegetation type conditioned approach was found to be appropriate for analysing vegetation data of mosaic vegetation at a regional scale, and it is expected that the introduced method of measuring the direction of the deviation from a log-normal distribution will be important for interpreting the underlying cause of observed departures from log-normally distributed abundance curves.
INTRODUCTION
In Northern Europe, loss of natural dynamics due to coastal protection, acidification and eutrophication, ground water extraction and changes in land use causes accelerated fixation of the sand and vegetation succession in coastal dunes. During the last decades, there has been a loss of open and species-rich vegetation and a widespread invasion by tall grasses and bushes (Veer and Kooijman, 1997) . The most apparent threat to the Danish coastal dune heaths is a massive invasion of exotic trees and bushes like Pinus mugo and Rosa rugosa, but also native shrubs and trees are spreading in the dunes -e.g. Salix cinerea, Hippophaë rhamnoides and Quercus robur. In order to mitigate the current decline of biodiversity, it is necessary to understand the complicated physical and ecological processes in coastal dunes, and a critical step in such an understanding is the establishment of a detailed description of the species diversity at different coastal dune habitats.
The vegetation in North-European coastal dunes is mainly controlled by the movement of the sand and, generally, the dune vegetation may be classified along a disturbance gradient (Warming, 1909 , Willis, 1989 . However, the wind-controlled topography of the coastal dunes also creates a number of dry and moist areas with differently oriented slopes which have a large influence on the vege-*Address correspondence to this author at the Department of Terrestrial Ecology, NERI, Aarhus University, Vejlsøvej 25, 8600 Silkeborg, Denmark; Tel: +45-89201598; Fax: +45-89201414; E-mail: cfd@dmu.dk tation, and the coastal dune vegetation will typically be a mosaic of different plant communities. Closest to the coast, where the disturbance due to wind is highest, the white dunes predominate, while grey dunes with herbaceous vegetation occur in fixed and stabilised dunes where the sand is leached and rather acidic. Decalcified fixed dune heaths are less frequently disturbed and colonised by a more closed vegetation carpet of dwarf shrubs (Empetrum nigrum, Calluna vulgaris), lichens and mosses. The last main dune habitat type included in this study is humid dune slacks, which consists of various humid depressions in the coastal dune systems.
A significant proportion of the North-European dunes are situated in Denmark, primarily along the west coast (Doody, 1994) , and Denmark hosts 20 % of the total area of dune habitats in Northern Europe and more than 80 % of the area with decalcified fixed dune heaths with Empetrum nigrum (EUNIS, 2008) .
The aim of this paper is to describe the observed biodiversity in coastal dune communities and, more generally, to suggest a novel method for characterising species diversity that is appropriate for habitats with several plant communities occurring in a mosaic pattern. Instead of relying on an a priori determined spatial sampling method, the strategy suggested here is to condition the analysis on the vegetation type, i.e. first to identify the different plant community types in the various habitats, then to classify a number of small plots by their community type, and finally to analyse the plots belonging to the same community type on a regional scale.
The species diversity at the regional scale will be sampled in many relatively small plots that belong to the same community type and the distribution of each species will be summarized by the three parameters in the zeroinflated generalised binomial distribution (Damgaard, 2009 ). For each species that was observed in a specific plant community, the spatial arrangement of the species was characterised by a parameter that measured the probability of observing the species at a site, and conditioned that a species was present at a site, two parameters that measure the expected mean cover and the spatial aggregation of the species, respectively. Using such a conditioned approach, the observed spatial structure of a specific plant community will be independent of the specific spatial arrangement of the different plant communities that form the mosaic vegetation, and thus independent of local physical and chemical gradients. We expect that the reporting of these three parameters of the zero-inflated generalised binomial distribution, which have been shown to give a good description of hierarchical pin-point cover data (Damgaard, 2009) , will enable a more fruitful comparison between other North-European coastal mosaic dune communities and the investigated Danish coastal dune communities.
The Lorenz curve is used for describing the inequality of species abundance and the shape of the species abundance curve of the different communities (Wittebolle et al., 2009) . The reason for using the Lorenz curve for summarising inequalities in species cover distributions is twofold: i) the properties of the Lorenz curve and the associated Gini statistic are well known and have become the standard procedure for measuring inequalities in studies of the size distribution in plant populations as well as in economics Solbrig, 1984, Sen, 1973) , ii) the shape of the Lorenz curve is mathematically closely linked to the lognormal distribution (Damgaard and Weiner, 2000) , which has been considered a suitable null-model of species abundance curves (Preston, 1948 , Sugihara, 1980 , Magurran, 2004 , McGill and al., 2007 , and has been suggested as an indication of a relatively undisturbed ecosystem in the sense that if the species abundance curve is log-normally distributed, then the plant community may be assumed to be selforganized and little disturbed by exceptional external factors such as pollution (Halloy and Barratt, 2007 , Gray, 1981 , Kevan et al., 1997 . Furthermore, it has recently been suggested that if communities are highly uneven, or if there is extreme dominance by one or a few species, then the functioning of the ecosystem is less resistant to environmental stress (Wittebolle et al., 2009) .
The use of the Lorenz curve allows a classification of how the observed species abundance curve deviates from log-normal, i.e., is the deviation due to relatively many rare species or few very abundant species (Damgaard and Weiner, 2000) . Thus, the use of the Lorenz curve allows a direct link between the shape of the species abundance curve, the measurement of inequality, a suitable null model, and a classification of how the species abundance curve deviates from the null model, and this direct link is an important advantage compared to other measures of species evenness which are unrelated to suitable null models of species abundance.
MATERIALS AND METHODS

Site Description and Sampling Methods
The monitoring of the conservation status of Danish dunes was conducted in coastal dunes where one or more of three habitats in the Annex 1 of the Habitats Directive (EU, 1992) were present: 1) Fixed coastal dunes with herbaceous vegetation ('grey dunes') (type 2130), 2) Decalcified fixed dunes with Empetrum nigrum (type 2140) and 3) Humid dune slacks (type 2190). The Danish monitoring programme encompasses 73 coastal dune sites ( Fig. 1) with 20-60 randomly placed plots, where species abundances of higher plants is measured by the pin-point method in frames of 50 cm x 50 cm with 16-grid point (Kent and Coker, 1992, Svendsen et al., 2005) . In 2004 to 2006, a total of 5316 coastal dune plots were sampled, and the habitat type of each plot was determined by the use of national field keys (Fredshavn, 2004) 
Ordination and Classification of Habitat Types
An initial clustering and classification of the dune plots was conducted in order to divide plots into floristically welldefined plant communities for the subsequent statistical analyses. We considered it inappropriate to work directly on the field determination of the habitat types, as these are defined geomorphologically rather than ecologically (European_Commission, 2007) . The dune habitats contain long and important ecological gradients in moisture and pH as well as disturbance and therefore they hold a considerable floristic variation. Herbaceous dunes include both green and grey dunes (pH-gradient), dune heaths include both dry and wet dunes (moisture gradient) and dune slacks include both acidic mires and alkaline fens (pH-gradient). Furthermore, the field classification involves an element of subjective decision that we have decided to replace with a statistical classification merely based on the floristic composition, but supervised by the field determination of the habitat type.
First, we performed separate TWINSPAN classifications in order to divide the plots into two major groups within each of the three habitat types. Second, the six dune classes were used as a priori classes in a supervised classification model using ordination scores from DCA-ordination (of 5316 plots and 711 species) to predict class membership (Ejrnaes et al. 2004 ). Finally, we performed an Indicator Species Analysis (Dufrene and Legendre, 1997) in order to facilitate our interpretation of the model predictions (The details of the classification method is further explained in Damgaard et al., 2008) .
Plant Cover
Two important characteristics of the distribution of plant species has to be taken into account when describing the distribution of cover: i) plant species do not occur everywhere possible and the data will, consequently, be zeroinflated, i.e. in some sites a specific plant species may be totally absent due to random extinction events and/or limited possibility of the plant to colonise the habitat (Rees et al., 2001 , MacArthur and Wilson, 1967 , Cordonnier et al., 2006 , Leibold et al., 2004 , ii). If a plant species is present at the sites, the abundance of different plant species generally displays aggregated spatial patterns within the site due to e.g. the size of the plant, clonal growth, and limited seed dispersal, and plant cover data will typically be over-dispersed relative to random expectations (Herben et al., 2000 , Stoll and Weiner, 2000 , Pacala and Levin, 1997 . Consequently, the mean and spatial variance of the plant cover of each plant species at the regional scale (here defined as all Danish coastal dunes) were estimated for each dune community type using a zero-inflated generalised binomial distribution,
where the parameters are explained in Table 1 , and ϕ is the Pochhammer function, (Damgaard, 2009 , Damgaard, 2008 . The mean is independent of δ and, thus, equal to the mean of the uncorrelated zero-inflated binomial distribution; E(Y ) = (1 ! p) n q . The variance, however, does depend on the intra-class correlation parameter δ ; Var(Y ) = (1 ! p) n q (1 ! q(1 ! p n + " (n ! 1)) + " (n ! 1)) , and, more specifically, if ! > 0 , then the variance of the number of hits will be augmented relative to the binomial distribution. Parameter Description y Number of times a specific plant species is hit in a pin point frame.
n Number of grid points in the grid point frame (n = 16).
p Probability that the plant species is absent from a site. The parameter is estimated as: number of sampled plots from a specific community type from stations where the species has not been found/ number of sampled plots from a specific community type q Expected plant cover in a specific community type if the species is found at the site δ Intra-plot correlation of pin-point hits. For plant species with an average large cover or plant species that tend to be spatially aggregated, e.g. clonal plants, the number of hits within a pin-point frame are positively correlated. The hypothesis of no correlation (binomial distributed hits) may be tested in a likelihood ratio test by setting δ = 0.
The hierarchically structured pin-point plant cover data was fitted to the zero-inflated generalised binomial distribution, and the adequacy of the fitted model was assessed by Fig. (1) . Map of Denmark with the 73 costal dune sites where the data in the present study was sampled. The legend shows the most abundant habitat type for each site.
visual inspection of plots of the observed and expected plant cover distributions from plant cover data where the species was positively known to be present (Damgaard, 2009 ).
Since the probability of absence is smaller or equal to the probability of not being found, the estimates of the probability that a plant species is absent from a site (p) are weighted by the number of plots investigated at the site. This also ensures that the estimate of the mean plant cover in the zero-inflated generalised binomial distribution is comparable to the empirical mean of the plant cover data. For dominant species, the probability of detection is relatively high even when the intra-plot correlation is high. For example, if q > 0.05, d = 0.7, and 40 plots are investigated, then the probability of detection is larger than 0.99.
Diversity Indices
In order to summarise the distribution of the plant cover of the different plant species and to characterize the vegetation, it is common to calculate different indices of biodiversity (Magurran, 2004 , Jost, 2007 . The different indices summarise different aspects of biodiversity, and here we use the number of species as well as the Shannon and Simpson diversity measures. These measures are related by:
where S is the number of species, p i the estimated mean plant cover of species i, and k is the order of the diversity index (Béla, 1995 , Jost, 2007 . That is, if k = 0 then D = S), if k ! 1 , the expression is equal to the exponential form of the Shannon index (Exp(H)), and if k = 2, the expression is equal to the Simpson index (1/H). Consequently, if the order k is increased, then the weight of the dominant species is increased in the indices (Jost, 2007) .
The inequality in the species cover distribution was characterised by the Lorenz curves, where the cumulative proportion of species (after they are ordered according to mean cover) is plotted against the corresponding proportion of cumulative total cover (Lorenz, 1905) . The shape of the Lorenz curve is summarised by the Gini coefficient, which is a direct measure of inequality (Gini, 1912 , Dagum, 1980 , and the Lorenz Asymmetry Coefficient (LAC) (Damgaard and Weiner, 2000) , which is a measure of the departure from the log-normal distribution. Statistical inferences on the observed LAC may be obtained using the bootstrap technique, and if LAC is not significantly different from one, the species cover distribution may be assumed to be lognormal (Damgaard and Weiner, 2000) . If LAC < 1, the inequality in the distribution of plant cover is primarily caused by relatively many rare species, and if LAC > 1, the inequality in the distribution of plant cover is primarily caused by a few, very abundant, species (Damgaard and Weiner, 2000) .
RESULTS
A Priori Classification of Dune Plots
The position of the 5316 dune plots along the first two ordination axes of the DCA analysis is shown in Fig. (2) . The first axis could be interpreted as a moisture gradient, ranging from very dry grey dunes with Corynephorus   Fig. (2) . Projection in ordination space of the 5316 dune plots and the six predicted coastal dune community types according to the supervised classification model. The "grey dune" plots are shown in red triangles, dune grasslands in open blue circles, dry dune heathland in green squares, wet dune heathland in yellow diamonds, nutrient poor dune slack in blue triangles and nutrient rich dune slacks in enclosed blue circles. thus, corresponds to a combined gradient in pH and nutrient availability.
Plant Cover
The plant cover data were partitioned into the six classified community types, and the cover data of each observed species were fitted to the zero-inflated generalised binomial distribution (equation 1) for each community type. The fitted parameters of the five most typical species for each dune community type (i.e. the species with the highest Damgaard et al., 2008) are shown in Table 2 (the fitted parameters of all the species from all the dune community types may be found in the Electronic Supplement Table S1 ). For most species, the intra-plot correlation was significantly larger than zero, indicating an aggregated spatial distribution of the plant species. There was a significant positive correlation between estimated mean plant cover and the degree of intra-plot correlation (P < 0.001 in all dune community types), suggesting that in order for a plant species to be dominant in a dune community, it either has to be large or rely on clonal propagation. The significant positive correlation of plant cover and spatial aggregation in dune community may be compared to tropical forests, where it has been found that the abundance of trees measured by density, i.e. not corrected for the size of individuals, is negatively correlated to a measure of spatial aggregation (Condit et al., 2000) .
Diversity
The calculated diversity measures of the six dune communities are shown in Table 3 . In the interpretation of the diversity measures, it is important to note that only the higher plants are determined to species level and that the diversity of mosses and lichens are underrepresented in the measures. The most diverse dune community types are dune grasslands and nutrient poor dune slacks. These community types include many species, and none of the species are particularly dominant (high Simpson diversity). The dry dune heathlands also contain many species, but are dominated by relatively few species (low Simpson diversity and high Gini coefficient). The grey dunes are the most species poor dune community, as far as higher plants, but these communities contain many different mosses and lichens that are underrepresented in this study. The Gini coefficients, i.e. inequalities in plant cover, are not significantly different for grey dunes, dune grasslands and nutrient poor dune slacks.
For none of the dune communities the distribution of plant covers departed significantly from a log-normal distribution (LAC not significantly different from one).
DISCUSSION
The regional and local distribution of plant covers of all the observed plant species in the different coastal dune communities are summarised by the three parameters in the zero-inflated generalised binomial distribution, and generally, the mean estimates of plant cover were roughly as expected for the different coastal dune communities (Christensen, 1989 , Willis, 1989 , although there was a surprisingly high cover of Deschampsia flexuosa in many of the investigated coastal dune communities (Nielsen et al., E pub) . We expect that the reporting of the cover and the spatial arrangement of each species separately and conditioned on the presence of a specific plant community using hierarchical pin-point data will enable a more fruitful comparison of mosaic plant communities across regional scales relative to comparing estimates by e.g. α-and β-diversity where a specific spatial sampling design is determined a priori (Magurran, 2004 , Jost, 2007 , Tuomisto, 2010 , which is problematic when the plant communities form mosaic patterns that depend on the physical-chemical properties of the micro-environment.
The different summary statistics of diversity and inequality were also in line with the prior plant ecological expectations of the diversity of the different dune plant communities, where the dune grasslands and the nutrient poor dune slacks, generally, are found to be the most diverse plant communities.
Several ecological processes may lead to the same diversity pattern and therefore it is generally problematic to test ecological hypothesis using diversity patterns and the real use of quantifying diversity patterns arise in the comparison among plant communities of the same habitat type across space or time, e.g. in a ecological monitoring programme. However, lately it has been suggested that lognormally distributed abundance curves indicate a relatively undisturbed ecosystem, in the sense that the plant communities may be assumed to be self-organized and little disturbed by exceptional external factors, is still relatively untested and open for discussion. Although, in a metaanalysis of 23 cases, it was found that that departure from a log-normal distribution of abundance increased with disturbance in 19 cases (Halloy and Barratt, 2007) . Here it is important to emphasize that in a coastal dune ecosystem, where the plant species are adapted to recurrent events of wind disturbance, wind disturbance cannot be considered an exceptional external factor. On the contrary, if wind disturbance is prevented, e.g. by reducing the normal grazing pressure and allowing trees to establish on the dunes, then the dune ecosystem may be considered to be influenced by an exceptional external factor, and during the following process of succession, the abundance curves may deviate from a log-normal distribution. Our analyses indicate that the monitored Danish dune habitats are in a relatively undisturbed and self-organized condition. It would be interesting though to investigate temporal trends in species composition in the repeated subset of the monitored dune plots and analyze if the magnitude of trends in different communities co-varies with the static indicators for structure and function developed in this study.
In the present study, it is suggested to measure departure from log-normally distributed abundance curves by a method that uses the properties of the Lorenz curve (Damgaard and Weiner, 2000) . This method has the advantage that the direction of the departure is measured, i.e., if LAC < 1, the inequality in the distribution of plant cover is primarily caused by relatively many rare species, and if LAC > 1, the inequality in the distribution of plant cover is primarily caused by a few, very abundant, species (Damgaard and Weiner, 2000) . We expect that the added information on the direction of the deviation from the log-normal distribution will be important for interpreting the underlying cause of observed departures from log-normally distributed abundance curves.
SUPPLEMENTARY MATERIAL
Supplementary material is available on the publishers Web site along with the published article.
